Abstract-
I. INTRODUCTION
OST of the existing high-speed fiber-optic networks use single mode (SM), step-index fiber with zero dispersion at 1310-nm wavelength. Over last one decade however, the emphasis has been shifted to 1550-nm band due to low attenuation of the fiber in that wavelength range. Consequently, the existing networks though have low attenuation have relatively higher dispersion at 1550 nm. Replacement of the existing fiber-optic cables by dispersion shifted or dispersion flattened fibers is rather an astronomical task. Researchers are therefore motivated to find means for dispersion compensation on, the single-mode fiber-optic links. Periodic conversion of the signal to higher order modes has been proposed as one of the promising techniques for dispersion compensation [I] , [2] . It has been demonstrated that the LPll mode near its cutoff exhibits large chromatic dispersion with opposite sign to that of normal SM fiber at 1550 nm. The negative dispersion of LP11 mode can then cancel the positive dispersion on the single-mode fiber. However, this compensation is generally possible only over a very narrow bandwidth. With the introduction of the WDM systems it is highly desirable to obtain dispersion compensation over a wide bandwidth of tens of nm. In this letter, we investigate the possibility of obtaining wideband dispersion compensation by using a properly designed compensating fiber with LP11 mode propagating in it near its cutoff.
DISPERSION COMPENSATION USING L P~~M o D E
In this analysis, we first assume that the existing optical fiber network has a single mode step index fiber. The dispersion characteristics of the step index fiber can be obtained directly from [4] - [6] or can be computed by solving the wave equation [3] . The dispersion compensating fiber is assumed to have a chirp-type refractive index profile and is assumed to carry the The profile defined by (1) can generate a variety of mutiply cladded profiles and can be characterized by only five parameters. In our earlier work [3] , [SI, the variation of the fiber dispersion as a function of profile parameters is studied and it is shown that the dispersion characteristics can be optimized by proper selection of the profile parameters. There the minimization of the fiber dispersion over a given wavelength range was the optimizing criterion. In the present case, however, the criterion is to obtain large negative dispersion with correct magnitude and slope (with wavelength) so as to give wide-band dispersion cancellation on the existing fiberoptic network.
The scalar wave equation for LPll mode is given as [3] The total dispersion on the fiber is calculated by adding the waveguide lspersion to the material dispersion. For accurate calculation of the material dispersion, generally one needs a precise knowledge of the material composition of the different layers of the fiber core. In the present case however this is not needed as the waveguide dispersion for LPl1 mode near cutoff is much larger compared to the material dispersion. A common Sellmeir relation to define the refractive index of all layers of the fiber as a function of wavelength is adequate. A simple addition of the material and the waveguide dispersion 00 0 1996 IEEE to give total fiber dispersion is also justified in this case. Let the total dispersion in the compensating fiber be denoted by Dii (A). The dispersion compensation model is shown in Fig. 1 . A compensating fiber is inserted periodically in the existing fiberoptic link along with the proper mode converters. The mode convertors convert the LPol to LP11 mode and vice versa. They also act as matching devices between the step index fiber and the compensating fiber that might have different core radii.
Let the dispersion in the normal step index fiber be &(A), and let for every 2 length of normal fiber. a unit length of compensating fiber be inserted in the network. The average compensated dispersion on the link can then be written as The design of the compensating fiber reduces to an optimization problem with average compensated dispersion, Dcomp as the optimizing parameter. Since our objective is to achieve dispersion compensation over a wide bandwidth, we use maximum absolute value of the compensated dispersion Dcomp," = Max( IDcomp(X)I) as the optimizing parameter over the desired wavelength range. The Dcomp,max is minimized as a function of fiber profile parameters (721, ncl, a , M , a) and also the length ratio 2.
NUMERICAL RESULTS
The wavelength range over which the dispersion compensation is to be acheived is taken to be 1480 to 1580 nm. This spectral band corresponds to the low attenuation window of the optical fiber around 1550 nm. It also covers the band of the erbium-doped fiber amplifier (1525-1565 nm). The existing single mode fiber which is to be dispersion compensated is assumed to be of the type given in [7] . The fiber radius is 4.35 ,um and the core refractive index is 1.55 with A = Fig. 2. Fig. 3 shows the dispersion of LP11 mode over a wavelength range of 1480 to 1600 nm. The compensated dispersion as a function of wavelength is shown in Fig. 4 . As can be seen, the average dispersion after compensation lies below 0.47 ps/km-nm over the entire wavelength range of 1480-1580 nm. The sensitivity of the compensation proclzss with respect to the parameters is also stiudied. As expected, the wavelength range over which the compensation is achiieved, is relatively more sensitive to the core radius, However, it is seen that a variation of about 3% in all parameters around their optimum values can provide satisfactory dispersion compensation. Table   I shows the Deomp,maa as a function of core radius "a." It is clear that as the parameter "U" deviates from its optimum value, the length ratio .I: decreases, neecling longer length of the compensating fiber. Also the compensated dispersion Dcomp,max increases. The system gets worse both ways. A ratio of 2 and Dcomp,max can then be used as some kind of performance index ql for dispersion compensation. The performance index helps in finding degradation in dispersion IV. CONCLUSION compensation from its optimum state as a function of manufacturing tolerances. In other words it tells the allowable tolerance level for an acceptable degradation in the dispersion compensation. 11 can be normalized with respect to its value for the optimum parameters. It can be seen that for a tolerance of about 3% in "a," the value of Q drops to about 50%.
To see how important the use of multiply cladded profile for the compensating fiber is, the computations are also carried out for the step index compensating fiber as has been initially proposed [l], [2] . It is observed that for a step index compensating fiber the minimum value of Dcomp,max occurs for a length ratio of 0.4. This means that for every 0.4 units of the existing fiber, one unit of compensating fiber has to be added. The signal therefore remains in LP11 mode for longer distance that in LP01 mode. Also one has to add more compensating fiber than the existing fiber. This option obviously is not cost effective.
The above analysis clearly demonstrates the effective role which a multiple cladding profile of a compensating fiber plays in wide-band dispersion compensation.
Before we conclude the discussion, a brief comment regarding the bending loss sensitivity of LP11 due to it's operation near the cutoff is in order. The excessive bending loss of LP11 mode can be made negligible by avoiding excessive bending of the compensating fiber. It is mentioned in [l] that for an operating wavelength about 40 nm away from the cutoff a bending radius of 20 cm shows negligible radiation loss. In our case also, the cutoff wavelength is about 30 nm away from the longest operating wavelength of 1580 nm. We therefore believe that in this case also the bending loss will be negligible if the fiber is not bend over a radius smaller than 20 cm.
In this letter, we have presented a wideband dispersion compensation technique using multiply cladded fiber carrying LP11 mode. By properly designing the refractive index profile of the compensating fiber, the average dispersion on the existing SM fiber can be reduced to as low a value as 0.4 p s h -n m over a wide wavelength range of 1480 to 1580 nm. The technique suggests an excellent cost effective solution for upgrading the existing single-wavelength networks to future WDM systems.
